The import-export transitio in sugar beet leaves (Bets vu*ans) occurred at 40 to 50% leaf expansion and was characterized by loss in assimilate import and Increase in pbotosyntbesis. The metabolsm and partitoning of assimilated and transocated C were determine during leaf development and related to the traslocaton status of the leaf. The It is well established that as a young leaf matures its status changes from an importer to an exporter of photosynthetic assimilates (4, 13, 25). In many dicot species, the import-export transition occurs when the leaf is 40 to 50%o expanded and is characterized by the rapid loss in the ability to import assimilates with the concomitant onset of export function. Autoradiographic studies (4, 13, 25) have shown that export initiates at the leaf apex and rapidly develops basipetally. The basipetal source development is correlated with the cessation of assimilate import. The physiological and anatomical events accompanying leaf maturation have been studied in most detail in Populus deltoides (2, 3, 13), Cucurbita pepo (25), and Beta vulgaris (4).
It is well established that as a young leaf matures its status changes from an importer to an exporter of photosynthetic assimilates (4, 13, 25) . In many dicot species, the import-export transition occurs when the leaf is 40 to 50%o expanded and is characterized by the rapid loss in the ability to import assimilates with the concomitant onset of export function. Autoradiographic studies (4, 13, 25) have shown that export initiates at the leaf apex and rapidly develops basipetally. The basipetal source development is correlated with the cessation of assimilate import. The physiological and anatomical events accompanying leaf maturation have been studied in most detail in Populus deltoides (2, 3, 13) , Cucurbita pepo (25), and Beta vulgaris (4) .
Many studies on the import-export conversion have been to distinguish the preparatory events from the causal events ofexport. In this regard, Turgeon and Webb (24, 25) characterized the import-export conversion during leaf development in C. pepo. The basipetal acquisition of export was accompanied by an increased photosynthesis rate, basipetal development of mesophyll intercellular air spaces, synthesis of the transport sugar, stachyose, and structural maturation of the minor veins. These studies suggested that no one system in the development specifically regulated the onset of export but instead the import-export conversion resulted from the integrated maturation of many structural and physiolog-'Contribution No. 2514 from the Central Research and Development Department, Experimental Station, E. 1. du Pont de Nemours and Company, Wilmington, Delaware 19898. ical systems (25) . On the other hand, Fellows and Geiger (4) concluded that many of the observed changes noted during leaf maturation were preparatory in nature. The critical or causal event for the onset of export was postulated as the attainment of a sufficient osmotic pressure in the sieve tubes by phloem loading to produce a mass flow of solute out of the source leaf.
Many of the previous studies have been at the whole-plant level and aimed at elucidating the causal events for export. In this study, the leaf import-export conversion is investigated at the cellular and biochemical level not with the intent of determining the causal event(s) of export but rather to elucidate the processes of sink and source leaf physiology in relation to translocation. The metabolic correlates of leaf maturation were studied both in detached leaves and in the intact translocating sugar beet plant, B. vulgaris. Specifically, the metabolism and partitioning of assimilated and translocated C were characterized during leaf development and related to the translocation status of the leaf. Additionally, the levels ofthe transport sugar, sucrose, and the activities of various sucrose-metabolizing enzymes were determined in source and sink leaves. These results are discussed in terms of intracellular compartmentation of sugars in relation to import and export.
MATERIALS AND METHODS B. vulgaris L. (monogerm hybrid, size 3) plants were grown for 8 to 10 weeks in a controlled environment under conditions described previously (8) . Four experimental protocols were used in this study: (a) the relationship between leaf import capacity and photosynthesis was determined during leaf development in the intact plant to generate a time course for the import-export transition in our system; (b) using this time course as a reference, the partitioning of C derived from either ['4CJsucrose or "'CO2 fixation into various metabolites was studied to determine whether any changes in C partitioning or metabolism were temporally correlated with the sink-source transition; (c) importing leaf. In the experiment reported in Figure 1 , the size of the importing leaf on each plant was 22, 36, 50, 75 , and 10Oo of the final lamina length of the '4CO2-fed source leaf. After 2-hr equilibration in light (3,000 ft-c), the source leaf of each plant was exposed to 30 to 50,ICi of "CO2 (350,ull/1) for 10 min and then allowed to translocate in '2CO2-air for I hr. This procedure was optimal for translocation in the sugar beet (4). The plants were harvested, separated into the components, frozen in solid C02, and lyophilized. The radioactivity (dpm) was determined by counting weighed aliquots of powdered tissue and expressing the percentage of radioactivity in the part on a dpm/mg dry weight basis (3) . True photosynthesis rates of leaves at various developmental stages were determined on similar plants using the method of Naylor and Teare (15) . In all experiments leaf development was determined as the per cent final lamina length of a fully expanded leaf (4, 23) . A FLL of 100%7o was a 20 ± 2-cm leaf of approximately 2 to 2.5 dM2 area under our growth conditions. Partitioning of Carbon. Nine sugar beet leaves at various developmental stages were selected and the leaf laminae (minus midrib and major veins) equivalent to 2 cm2 were incubated in 5 mM [U-'4C]sucrose (1.2 ,uCi/t,mol) for 30 min followed by a 45-to 60-min wash in 0.5 mM CaCl2 to remove free space label, and frozen in solid CO2. To determine the partitioning of C derived from CO2 fixation, nine leaves at various developmental stages were exposed to "CO2 (340 ,ul/l, 2 ,uCi/tmol) for I min at 3,000 ft-c (15), followed by a 30-min photosynthesis period in '2CO2.
The tissue was collected and frozen in solid CO2. The leaf tissues from the above experiments were extracted in hot 80% (v/v) ethanol for 6 hr in a Soxhlet apparatus. The water-soluble material was fractionated by ion exchange and paper chromatography as described previously (8) . The protein and starch fractions were obtained by pronase and amyloglucosidase digestion of the insoluble fraction, respectively (3). The solvent for paper chromatography of the organic acid fraction (acid-I) was the upper phase of n-pentanol-5 N formic acid (1:1, v/v). Sugar phosphates in this system remained at the origin and acidic compounds were visualized by Sigma brom-cresol green spray and identified by cochromatography with standards.
Enzymology. Tissue homogenization and assay of invertase, sucrose synthetase, and sucrose-P synthetase in sugar beet source and sink leaves were by a modification of the techniques of Hawker (10) . Leaves 2 hr at 30 C. After terminating the reaction by heating at 90 C for 3 min, the sucrose formed was separated by paper chromatography. Assays were corrected using values from reaction mixtures minus UDPG.
Sucrose-P synthetase (UDP-glucose:D-fructose-6-P 2-glucosyltransferase, EC 2.4.1.14) activity was determined by measuring the UDPG-dependent incorporation of 1i4C]fructose-6-P into sucrose-P and then into sucrose (10) . The reaction mixtures contained in a total volume of 110 .1: 1 ,umol of UDPG, 1.25 ,umol of ['4CJfructose-6-P (1 pCi), 1 pmol of NaF, 2 pmol of EDTA (pH 7), 3 ,umol of Tris-HCl buffer (pH 7), and 50 ,ul of enzyme extract.
After incubation at 30 C for 2 hr, the reaction was terminated by heating at 90 C for 3 min. The following were then added to the reaction mixtures: 5 Accompanying the loss of ability to import was a marked increase in true photosynthesis, beginning at or before 15% FLL and reaching a maximum of 20 mg C02/hr idm2 between 65 and 100% FLL (Fig. 1 ). This photosynthetic development is similar to that reported for other species (2, 24) . Thus, decreasing dependence on imported assimilates for growth (15-40% FLL) is associated with the increasing ability of the leaf to produce its own photoassimilates for maintenance and export. It is important to note that in sugar beet (4) partitioning occurred with more C being incorporated into the water-soluble fraction at the expense of secondary biosynthetic products. Importantly, the transition in C partitioning occurred at 40 to 50% FLL, the stage at which the sink-source leaf conversion begins. Relatively little free sucrose is found during the import stage. Accompanying the loss of ability to import (and acquisition of export) the accumulated sucrose becomes less available for breakdown and subsequent metabolism (Fig. 2B) . At full leaf expansion, sucrose accounted for 85 to 90% of the 14C in the neutral fraction. In sink tissue the proportion is reversed. This is consistent with the translocate atriving at the sink leaf being hydrolyzed and utilized for metabolism and biosynthesis. As The following experiments address these questions. Figure 3 shows the partitioning of "CO2-derived photoassimilates into various components as a function of leaf development. The 14C distribution in Figure 3 , B and C was determined from the same leaves used for the photosynthesis measurements in Figure 3A , to reduce plant variability. Similarly to Figure 1 , photosynthesis was observed by 20% FLL and reached a maximum from 60 and 100% FLL. During the import stages, '4C is partitioned between the insoluble and soluble fractions (Fig. 3B) to the same extent as that found following ['4CJsucrose uptake into sink leaves (Fig. 2), 60 and 40o , respectively. The dominant form of labeled C reversed during leaf expansion with the transition occurring at 40 to 50%o FLL, a stage consistent with that observed in Figures and 2. In the export phase approximately 70%o and 30%o of the '4C entered the water-soluble and -insoluble fractions, respectively. A marked change in the 14C distribution was noted in the components of the neutral fraction. Sucrose synthesized from "CO2 fixation increased during leaf maturation so that by 70 to 100%1o FLL sucrose accounted for 90%o of the "C in the neutral fraction. Again, it is noteworthy that the marked change in the dominant species of the neutral fraction occurs at 40 to 50% FLL. The increase in sucrose is temporally correlated with increase in export. That 50%o of the neutral fraction contained sucrose in importing leaves indicates that this tissue is capable of synthesizing sucrose (but on a limited scale, see below) from "CO2. Sucrose has been found in all stages of development in Cucurbita (25). However, unlike Cucurbita in which stachyose is the major translocated sugar, sugar beet translocates mainly sucrose. The increased sucrose synthesized from CO2 during leaf expansion may reflect a transport sucrose pool that is compartmentalized from the nontransport sucrose found during import.
There is evidence for sucrose compartmentation in various tissues of exporting leaves (5, 16, 17) . We have previously documented (5) the high solute potential of the sieve element-transfer cell complex in sugar beet leaves indicating substantial sucrose accumulation in these cells. In a detailed study of the Vicia source leaf, Outlaw and Fisher (16) The increase in sucrose during expansion may, in part, reflect a "histological compartmentation" (17) by phloem loading during export. The following data also suggest a more complex partitioning that involves both an increase in sucrose synthesis and an intracellular compartmentation of sucrose and/or sucrose-metabolizing enzymes.
Enzymology. Three enzymes are involved in sucrose metabolism in higher plant cells, sucrose-P synthetase, sucrose synthetase, and invertase. The latter may be divided into acid and neutral invertases based on their pH optima. It is generally accepted that sucrose-P synthetase (with sucrose-P phosphatase) catalyzes sucrose synthesis while sucrose synthetase and invertase catalyze sucrose hydrolysis (20) . Sucrose synthetase is a reversible enzyme and it may catalyze sucrose synthesis under certain conditions (I 1).
The relationship between these enzymes and translocation has been studied in detail in only one system, the sugar-storing sugarcane stalks (9) . These studies have provided much insight into the role of these enzymes in the mechanism of sugar storage in sugarcane. Unfortunately, sugarcane represents a unique system in which cultivated varieties have been selected because of their ability to store sucrose, and thus mechanisms in this species probably do not constitute general sink tissue metabolism. Indeed, Giaquinta (8) recently demonstrated that in both the vegetative sink leaf and storage root of sugar beet, sucrose is not extracellularly hydrolyzed by a cell wall invertase prior to accumulation as in sugarcane. In sugarcane, much attention has focused on invertases in relation to sucrose utilization and storage in the stalks (9) . Because of the paucity of information on invertase in leaves, their role in sucrose metabolism is less clear. The few studies that do exist are conflicting, showing both increases (14) or decreases (19) in invertase activity during leaf maturation. These may reflect different extraction and assay procedures or species differences.
The occurrence of sucrose synthetase and sucrose-P synthetase is widespread in numerous tissues in many plants (20) . The study by Hawker ( 11) is pertinent to the translocation status of the plant. This study showed that in developing seeds of maize, broad bean, and castor bean, sucrose translocated to the endosperm is converted to hexoses for use in metabolism and biosynthesis. Sucrose synthetase, which catalyzes cleavage, is high at this stage and sucrose-P synthetase, which catalyzes sucrose synthesis, is low. During seed germination, sucrose-P synthetase activity increased when sucrose synthesis became important and was followed by a decline in sucrose synthetase activity. More recently, Pollock (18) showed that sucrose-P synthetase activity reached a maximum at ligule formation in Lolium leaves and then declined during leaf senescence while sucrose synthetase activity remained unchanged.
Since we have characterized the changes in translocation, photosynthesis, and C partitioning that occur during the import-export transition, it was ofinterest to determine activities ofthese enzymes during the import and export stages. Table I shows the activities of invertase, sucrose synthetase, and sucrose-P synthetase in importing leaves (15-25% FLL) and fully exporting leaves (75-100%/o FLL). Based on the partitioning data in Figures I to 3, I expected that invertase and/or sucrose synthetase activities would decrease during leaf development since the leaf loses its ability to hydrolyze sucrose (Fig. 2) . (The failure to metabolize sucrose is specifically due to lack of sucrose hydrolysis since the mature source leaves can extensively metabolize glucose [8] .) This was not found to be the case. Invertase activities were only slightly greater (0-40o) on both a fresh wt and protein basis in the sink leaves. Also, the invertase activity from source and sink leaves had a similar Km for sucrose (1.5-2.5 mM). Interestingly, the enzymes capable of hydrolyzing sucrose are present in both sink and source leaves even though source leaves do not break down substantial sucrose. This indicates a difference in intracellular compartmentation ofenzyme and/or substrate in sink and source leaves. Importantly, leaf development is not accompanied by the appearance of a neutral or alkaline invertase as in sugarcane stalk (9) . The pH dependence of soluble invertase shows only one peak at pH 5 in both source and sink leaves (Fig. 4 ). This experiment also shows the similar maximal activities (60 ,umol/hr. g fresh wt) for both tissues.
The difference in sucrose hydrolysis in source and sink leaves does not seem to be due to changes in sucrose synthetase activities because of the similar levels found in both tissues (Table I ). The specific activity of sucrose synthetase was the lowest of the three enzymes determined in mature leaves.
Sucrose-P synthetase, which catalyzes sucrose synthesis, was not detected in importing leaves but was present in exporting leaves. Since the limit of resolution for this assay was 0.5 to 1 ,umol/hr g fresh wt, the source leaves contained at least 5 times the activity of this enzyme than did sink leaves. The absolute rates for ali three enzymes agree well with those found in mature leaves of various species (10, 19, 20) .
The decreased ability to synthesize sucrose from CO2 in sink leaves (Fig. 3 ) could be associated with either the much reduced levels of sucrose-P synthetase or the reversal of sucrose synthetase. Hawker (11) suggested such a reversal ofsucrose synthetase during seed germination. The additional sucrose synthesized from CO2 during the onset of export probably results from the increased activities of sucrose-P synthetase found in source leaves. This sucrose possibly reflects the sucrose pool which is available for phloem loading and translocation, and is somehow isolated from the nontransport sucrose pool.
Metabolism of Translocate In Sink Leaves. Several studies have documented the differences in '4CO2 fixation patterns in young and mature leaves (2, 12) . Few studies have been directed toward determining the initial and secondary products formed from sucrose during translocation into sink leaves. Recently, Dickson and Larson (3), as part of their continuing study of developing poplar leaves (13) have examined the distribution products from both photosynthesis and translocation to determine the relative C contribution of each during leaf expansion.
The partitioning of "C-translocate in importing sugar beet sink leaves was determined to document the metabolic fate ofincoming translocate. The time course of metabolism of 14CO2-derived translocate arriving in the sink leaves of intact sugar beet plants is shown in Figure 5 . Initially, all of the C entering the leaf is water-soluble (>90%) but after 5 hr, 60 to 65% of the "C has been incorporated into the starch (25-30%), protein (25-30%), lipid (5%), and residue (5%) fractions (Fig. 5A) . These distributions pertain only to the C incorporated into the leaf and not that lost through respiration. Both components would be necessary to determine the total C economy of the leaf. Figure 5B further shows that the neutral or sugar fraction predominates at the initial stages of arrival and then declines, concomitant with an increase in the acid-(organic acids and sugar monophosphates), basic (amino acids), and acid-2 (phosphoglyceric acid and sugar diphosphates) fractions. toward glucose, particularly after 1 to 2 hr (Fig. SC) found following the accumulation of exogenous ["4C]sucrose in sink leaf tissue (Fig. 2) . Since the data in Figure 2 represent that following a 30-min sucrose uptake period followed by a 1-hr wash before extraction, the "C distribution 2 hr after arrival of translocate in sink leaves ofthe intact plant (Fig. 5) The excellent agreement between values indicates that the events characterized at the tissue level (Fig. 2) translate well to the metabolism of translocate in the intact translocating plant (Fig.  5) .
Intraceflular Compartmentation. Previous data have shown that there is a compartmentation of sucrose within the various cells of exporting leaves (5, 17) . Based on the C partitioning and enzyme data presented here along with some modifications of the schemes of compartmentation proposed for sugarcane stalks (9) and bean pod tissues (21) it is possible to speculate on the intracellular compartmentation of sugar in sugar beet source and sink leaves.
In the sink leaf, sucrose enters the mesophyll without prior extracellular hydrolysis (8) . Once in the cytoplasm, sucrose is possibly transported to the vacuole where it is hydrolyzed by acid invertase. The vacuole in this scheme would be a reservoir for hexoses derived from sucrose hydrolysis. Hexoses could then enter the cytoplasm by diffusion (simple or facilitated) in response to a concentration gradient generated by hexose utilization in the cytoplasm. Thus, the metabolic need of the cell could control hexose levels and utilization. A diffusional movement of sugars from the vacuole into the cytoplasm has been proposed during sugar storage in sugarcane cells (9) . The nontransport sucrose pool (a possible protective derivative of glucose) synthesized from "CO2 (Fig. 3) presumably occurs in the cytoplasm and may be in reversible equilibrium with the vacuole hexose pool depending on the requirements of the cell.
Exporting sugar beet leaves have sucrose-P synthetase to synthesize substantial sucrose from "CO2 fixation. Based on the energy-coupling requirements and the number of enzymes and substrates needed for sucrose synthesis by this pathway, sucrose synthesis occurs in the cytoplasm (20) . The data indicate two intracellular sucrose pools, one earmarked for export from the mesophyll into the apoplast for phloem loading (6, 7) , the other a nontransport pool which can enter the transport pool depending on the demand for exported assimilates. Acid invertase is present and may regulate sucrose breakdown in response to metabolic need. However, there would be less biosynthetic requirement for glucose in exporting leaves and thus less sucrose would be hydrolyzed. Evidence suggests that sucrose is both in vacuoles and cytoplasm of exporting leaves (17 Since the sucrose concentration in the leaf has been shown to govern the translocation rate (1, 22) , further study of the events regulating intracellular C partitioning is of paramount importance in understanding the translocation process.
